Abstract We propose and demonstrate a low-cost alternative scheme of direct-detection to detect a 100 Gbps polarization-multiplexed differential quadrature phase-shift keying (PM-DQPSK) signal. The proposed scheme is based on a delay line and a polarization rotator; the phase-shift keying signal is first converted into a polarization shift keying signal. Then, this signal is converted into an intensitymodulated signal by a polarization beam splitter. Finally, the intensity-modulated signal is detected by balanced photodetectors. In order to demonstrate that our proposed receiver is suitable for using as a PM-DQPSK demodulator, a set of simulations have been performed. In addition to testing the sensitivity, the performance under various impairments, including narrow optical filtering, polarization mode dispersion, chromatic dispersion and polarization sensitivity, is analyzed. The simulation results show that our performance receiver is as good as a conventional receiver based on four delay interferometers. Moreover, in comparison with the typical receiver, fewer components are used in our receiver. Hence, implementation is easier, and total cost is reduced. In addition, our receiver can be easily improved to a bit-rate tunable receiver.
Introduction
Due to the fact that the capacity demand increases exponentially, the spectral efficiency has to be improved in optical communication systems. Usually, there currently are two major technologies used to improve the spectral efficiency [1] [2] [3] [4] [5] [6] [7] . One of them is the multi-level modulation technology, which codes several bits in one symbol, such as (differential) quadrature phase-shift keying (D)QPSK and m-ary quadrature amplitude modulation (M-QAM). The other one is the polarization-multiplexing (PM) technology, which can double the spectral efficiency by loading signals in both orthogonal polarization states. Most of the solutions are based on a combination of these two technologies, with new modulation formats, such as PM-DQPSK, PM-QPSK, PM-M-QAM and others.
Nowadays, PM-QPSK and PM-DQPSK modulation formats are proposed to be employed in 100 Gbps optical communication systems, namely due to three reasons: (1) their compatibility with 50 GHz ITU grid and 50 GHz-based reconfigurable optical add-drop multiplexers (ROADMs) could allow mixing 10 and 100 Gbps channels in a same WDM transmission system [2] ; (2) the design of transmitters and receivers is much simpler than that of the PM-M-QAM formats; and (3) it is easy to implement due to today's optical and electronic technologies. Although these two modulation formats are the promising formats for 100 Gbps systems, PM-DQPSK signal is more attractive to us due to the possibility of using direct-detection technology in the receiver. This feature not only makes the design of the receiver simpler but also makes the receiver easier to implement. Furthermore, it will reduce the total cost since no local oscillators are used in the receiver. Therefore, in this paper, we only focus on PM-DQPSK modulation format and the corresponding receiver. Some previous works have reported different types of PM-DQPSK receivers. Many of them are based on a directdetection receiver with four DIs [8] [9] [10] . These receivers have two drawbacks: one is that four independent DIs used to demodulate the signal simultaneously will increase the instability of the receiver; the other one is that it needs a polarization-tracking scheme to control the polarization state of the input signal. Although some polarization-tracking schemes have been proposed to solve the polarization problem [9, 10] , it cannot essentially solve the problem. A selfcoherent receiver operating without an external polarization controller has also been reported [11] . In this receiver, training sequences are introduced to estimate the polarization rotation and a decision feedback recursive algorithm mitigates the random walk of the recovered field, resulting in a very complicated design. In Chandrasekhar et al. [12] , a tracking-free automatic polarization demultiplexing scheme for 107 Gbps PM-RZ-DQPSK is proposed. In this scheme, only one DQPSK receiver with a pair of DIs is needed and the polarization problem is solved in the electrical field, resulting in a simple structure. However, it has one drawback; only two 50-GHz filters can be cascaded with 1-dB optical signal-to-noise ratio (OSNR) penalty, which will seriously limit its application in practical systems. In addition to direct-detection, coherent-detection is also proposed to demodulate the PM-DQPSK signals [13] . Compared with the direct-detection, coherent-detection has merits of high chromatic dispersion (CD) tolerance and polarization mode dispersion (PMD) tolerance, but at the expense of high cost and complex design.
In this paper, we propose a lower complexity PM-DQPSK demodulator, which also provides better tolerance for tight optical filtering. Our alternative scheme is based on a polarization rotator and a delay line. In comparison with the receivers mentioned above, our proposed receiver is low-cost, simple design and easy implementation since fewer components are used. In addition, it is easy to improve our receiver to a bit-rate tunable receiver, which can make it be used widely.
This paper is organized as follows. In Sect. 2, the general scheme and principle of operation of the proposed receiver is presented. The simulation setup is presented in Sect. 3. Section 4 is devoted to the comparative performance analysis of the receiver in back-to-back operation, under narrow optical filtering and in the presence of CD and first-order PMD. Finally, conclusions are drawn in Sect. 5.
General scheme and principle of operation
The DQPSK demodulator is a key component for converting the optical phase modulation signal into intensity modulation signal for square-law detection at the receiver. A method for demodulating differential phase modulation signals converts a phase-shift keying (PSK) signal into a polarization shift keying (PolSK) signal through a birefringent element, such as a polarization-maintaining fiber (PMF) [14] or a tunable birefringent element [15] . One symbol time delay between two perpendicular polarization states is generated after the signal goes through the birefringent element. Finally, the PolSK signal is converted into two intensity modulation signals by a polarization beam splitter (PBS).
Our proposed receiver is based on the above indicated method. Since a PM-DQPSK signal is composed of two orthogonal DQPSK signals, a polarization rotator and a fiber delay line are used instead of the birefringent element, in order to avoid interference existing between both converted PolSK signals. Moreover, the in-phase (I ) path and quadrature phase (Q) path share the same hardware; this simplifies the structure and improves the stability of the receiver.
Also, due to the single fiber delay line used in our proposed receiver, it can be improved to become a tunable receiver using a tunable delay line instead of the fixed delay line.
A schematic diagram of the proposed receiver is shown in Fig. 1 . The principle of operation is as follows: The PM-DQPSK signal is split by a 50:50 power splitter; the split beam b 2 is directly connected to a PBS2, and it is divided into two orthogonal polarization sub-beams (here, we assume that the polarization direction of sub-beam b 21 is parallel to the horizontal line, and the polarization direction of the other sub-beam b 22 is vertical to the horizontal line). The other beam, b 1 , firstly goes through a fiber delay line to generate one symbol time delay, and after that, it passes through a polarization rotator to generate an angle rotation of 90 • . Then, it goes through the PBS1 to be divided into two orthogonal polarization sub-beams, b 11 and b 12 . The sub-beams b 11 and b 22 are connected to the input ports of a 2 × 2 optical coupler (Coupler2) while the sub-beams b 12 and b 21 are connected to Coupler1. Each output signal of the couplers goes, through a polarization controller (PC) and a PBS, to a balanced photodetector. The role of the PC is to generate +45 • or −45 • phase difference between the two orthogonal sub-beams.
Taking into account the former considerations, a PM-DQPSK signal can be written as:
where the suffixes x and y indicate the two orthogonal polarization components of the PM-DQPSK signal. The operation of the receiver can be described by Jones matrices [15] . To simplify the calculation, we ignore the attenuation, chromatic dispersion and PMD effects generated in the fiber. The matrices of the fiber delay line, polarization rotator and 2 × 2 optical coupler are given in (2) , (3) and (4), respectively:
where T is the time delay. In the proposed receiver, the delay time is just one symbol period, as T = T symbol .
where θ is the rotation angle. In our proposed receiver, the rotation angle is θ = 90 • .
where α is the excess loss, and k is the coupling coefficiency.
If the excess loss is ignored and the coupling coefficient is set to be 0.5, from the Jones matrices, we can obtain the expressions of the four received signals as follows:
where E x/y represents electrical field in x or y polarization component of the PM-DQPSK signal. ϕ is the phase difference between successive symbols, ϕ = ω · T . As the signals loaded in both polarization states are DQPSK signals, the phase difference between the adjacent symbols can be one of the four possible states {45 • , 135 • , 225 • , 315 • }, according to the constellation shown Fig. 1 . It can be seen that (5) and (6) are the same as the outputs of a typical DI-based DQPSK receiver [16] . In order to analyze the performance of the proposed receiver, it is important to calculate the bit error rate (BER) of the received signal. In this work, the BER is calculated by Gaussian algorithm. According to Agrawal [17] , the BER can be described as the following function:
where Q =
, I 1 and I 0 represent the average received current for bits of "1" and "0", respectively. Normally, bits of "1" and "0" are decided by making a comparison between the received current I and the threshold current I D . It calls bit "1" if I > I D or bit "0" if I < I D . σ 1 and σ 0 are the effective standard deviations of the sampled values, respectively. The BER will be decreased as Q increases and become lower than 10 −9 for Q > 6 or 10 −12 for Q > 7.
Simulation setup
According to the principle diagram shown in Fig. 1 , we build a simulation setup as shown in Figs. 2 and 3 .
In the transmitter, as shown in Fig. 2 , an 1,552.52 nm (193.1 THz) continuous wave (CW) source firstly passed through a PC to generate a 45 • linear polarization light. Then, it was divided into two orthogonal polarization beams by a PBS. Each beam was modulated by double-nested LiNbO 3 Mach-Zehnder modulators (MZMs), driven by two 25 Gbps nonreturn to zero (NRZ) data streams I and Q, which are pseudo random bit sequences (PRBS) of length 2 15 − 1, to generate a 50 Gbps NRZ-DQPSK signal. Finally, the two orthogonal DQPSK signals were combined through a polarization beam combiner (PBC), generating a 100 Gbps PM-DQPSK signal.
The signal was then launched into an erbium-doped fiber amplifier (EDFA) with a variable optical attenuator (VOA) in front to adjust the received OSNR. In the receiver, the noise-loaded signal was first filtered out by a second-order Gaussian filter with a 3-dB bandwidth of 85 GHz (the filter is not shown in the Fig. 3) . Then, the filtered-signal was launched into the demodulation section.
The principle of operation of the demodulation process is described in detail in Sect. 2. The delay time was set to be 40 ps, corresponding to one symbol period. Finally, the optical signals reach four balanced photodetectors, and the BER analyzers are used to analyze the output electrical signals.
Analysis of simulation results
To assess the performance of the proposed PM-DQPSK demodulator and receiver architecture, we performed a set of simulations. In order to analyze the performance of the receiver, the sensitivity in back-to-back operation is obtained. Moreover, the receiver performance is studied under narrow optical filtering and in the presence of chromatic dispersion and polarization mode dispersion. The polarization sensitivity of the receiver is also evaluated.
Sensitivity in back-to-back systems
Sensitivity is the most important parameter for analyzing the performance of a receiver. Usually, the receiver performance is characterized by measuring the BER as a function of the received average optical power. Fig. 4 shows the simulated BER in back-to-back operation as a function of the sensitivity.
The sensitivity of the proposed receiver is −23.7 ± 0.2 dBm at a BER of 10 −12 . It can be observed, in the inset of Fig. 4 , that the eye diagram displays a large vertical eye opening at a BER of 10 −12 . Taking into account the forward error correction (FEC) technology, the required received power for a BER of 10 −3 is only −27.4 ± 0.2 dBm, which is about 3.5 dB lower than that for a BER of 10 −12 . Figure 4 also shows the simulated sensitivity of the DIs receiver based on [6] . It can be seen that the sensitivity of the DIs receiver is −23.4 ± 0.2 dBm at a BER of 10 −12 . Thus, through the comparison with the DIs receiver, we can conclude that the sensitivity of the proposed receiver is comparable or even slightly better than that of the DIs receiver.
Performance under narrow optical filtering
In high-speed optical networks, the optical signal may traverse a large number of ROADMs and add-drop filters, and as a result of this, the signal spectrum is filtered. PM-DQPSK modulation format is a very bandwidth efficient format. It must be compliant with the 50 GHz ITU grid and the 50 GHz-based ROADM [6] . In this section, we test the receiver performance under narrow optical filtering. In the simulation, we used the third-order Butterworth filter as the optical filter because most of the optical filters used in optical network systems can be modeled as third-order Butterworth filters [18, 19] . Our reported simulation contains two parts: first one is a test of the OSNR penalty as a function of the 3-dB bandwidth of the filter; the other one is a test of OSNR penalty as a function of the number of cascaded 50-GHz filters. Figure 5 shows the required OSNR for a BER of 10 −12 as a function of the 3-dB filter bandwidth. As can be seen, the proposed receiver shows a 0.2-0.3 dB OSNR penalty compared with the DIs receiver for 50-GHz filter. However, in the range of bandwidth of 27.5-35 GHz, the required OSNR decreases when the filter bandwidth decreases, and the OSNR requirement is even slightly lower than that for the DIs receiver. These results indicate that a better equalization of the optical signal is obtained in this range. Figure 6 shows the OSNR requirement for a BER of 10 −12 as a function of the number of cascaded 50-GHz optical filters. We can see that about 10 filters can be cascaded in the system, with 1-dB OSNR penalty. However, the required OSNR increases sharply when the number of cascaded filters is more than 10. That is because the effective bandwidth becomes very narrow and the spectrum strongly reduces; this severely aggravates the inter symbol interference (ISI). This effect can be seen from signal spectrum and eye diagram in the insets of Fig. 5 . Although the effective bandwidth of 14 filters concatenation (about 30 GHz) is wider than the signal bandwidth (about 25 GHz), a much higher OSNR is required. The reason is that when the number of cascaded filters increases, not only the effective bandwidth decreases, but also the phase linear region decreases [18] . The filter concatenation effect into the signal is decided by these two factors.
Performance for differential group delay (DGD) and chromatic dispersion (CD)
The tolerance to CD and PMD is a key issue for high-speed systems. It is well known that the fiber PMD affects the performance of PM formats, and as the baud rate increases, the tolerance to PMD reduces proportionately [12] . In this section, we test the receiver performance under the first-order PMD, which is also called DGD. In the simulation, a PMF was used as the DGD element and different values of DGD are obtained by changing the length of the PMF. In order to work with the worst case, a polarization controller (PC) was used to launch the signal at 45 • respect to the principal state of PMF polarization axes. We can see from the simulation results shown in Fig. 7 that the DGD tolerance is 15 ps with 1-dB OSNR penalty, which is similar to the DIs receiver. One-dB OSNR penalty occurs at a DGD between 30 and 40 % of the symbol duration; this tolerance is in agreement with the theory [20] . We can also see that the required OSNR increases smoothly when the DGD is lower than 15 ps. However, it increases dramatically when the DGD is higher than 16 ps. This can be understood in terms of the ISI caused by DGD-induced pulse broadening. The DGD-induced signal degradation can be seen from the comparison of the demodulated waveform and eye diagram at free DGD and DGD = 16 ps, in the Fig. 7 .
In addition to PMD, CD will also seriously impact the signal quality. In this section, we extend the simulation to see the receiver performance under CD. Note that in the simulation, a standard single-mode fiber (SSMF) was used together with a dispersion-compensating fiber (DCF) to adjust the accumulated CD value. The SSMF is compliant with ITU-T G.652, and it has dispersion coefficient of ∼17 ps/nm/km and dispersion slope of 0.075 ps/nm 2 /km. The DCF has dispersion of −30 ps/nm/km and dispersion slope of −0.075 ps/nm 2 /km. In order to ignore the penalty caused by other linear effect, we set the attenuation and DGD of the fiber to be 0. The input transmission power was controlled to be lower than −4 dBm for reducing the penalty caused by nonlinear effect.
The comparison of the two receivers is provided in Fig. 8 in terms of the required OSNR to achieve BER = 10 −12 versus CD. Also, the eye diagrams and the waveforms at the output of the proposed receiver are shown in the insets of figure. As demonstrated in Fig. 8 , the proposed PM-DQPSK receiver shows a slightly better CD tolerance compared with DIs receiver, especially for a negative dispersion. For example, the proposed receiver shows a 2-dB penalty at ∼−70 ps/nm, while the conventional DIs receiver reaches the same penalty at only ∼−60ps/nm. On the other hand, the OSNR requirement increases dramatically when the CD is higher than 70 ps/nm. That is because the CD-induced pulse broadening severely affects adjacent pulses. This phenomenon can be observed from the waveform and eye diagram, as illustrated in the insets of Fig. 8 .
We have to point out that although in the simulation the DGD and CD are only compensated in the optical domain, they can also be compensated in the electronic domain in practical conditions [21, 22] .
Polarization sensitivity
Because the PM-DQPSK signal is a PM signal and many polarization relative components are used in the proposed receiver, it is important to study the polarization sensitivity of the receiver. In ideal conditions, the rotation angle of the polarization rotator is 90 • . However, it is very hard to keep the rotation angle at 90 • all the time in real conditions. When the rotation angle deviates from the ideal angle, signal distortion will get worse and higher OSNR will be required. In order to analyze the relationship between the required OSNR and the angle deviation from the ideal angle, a set of simulations are carried out varying the rotation angle from −10 • to 10 • . In this simulation, another polarization rotator was inserted between the polarization rotator and PBS1. The simulation results are shown in Fig. 9 . It can be seen that with 1-dB OSNR penalty, an angle deviation of ±3 • is permitted. However, the OSNR penalty increases sharply when the angle deviation is larger than 5 • . That is due to the increasing difference in output power between the two ports of PBS1, this effect leads to a decreasing of the extinction ratio of the received signal. This phenomenon can be seen from the waveform and eye diagram, as illustrated in the insets in Fig. 9 ; for an angle deviation of 7 • , the eye diagram shows severe distortion and eye closure, compared with the demodulated eye at 0 • angle deviation that is clearly less distorted.
The angle deviation-induced signal distortion can also be observed from the optical demodulated signal shown in Fig. 10 . Signal distortion will be seriously aggravated when angle deviation increases. Luckily, accuracy of commercial polarization rotators can reach nowadays values lower than 1 • . Therefore, the deviation of rotation angle will not be a problem in the proposed receiver.
In addition, we also test the angle deviation-induced effect versus some other system parameters, such as DGD tolerance. The simulation results are shown in Fig. 11 . As it can be seen, when the angle deviation is lower than 1 • , DGD tolerance is almost the same that without any angle deviation. As a consequence, we can ignore its effect on DGD tolerance in this situation.
As in the DIs receiver, a PBS to demultiplex a PM-DQPSK signal is used in our proposed receiver. Therefore, the polarization state of the signal launched into the PBS will affect the performance of the receiver. In ideal conditions, the signal should be launched into the PBS at 45 • . However, in real conditions, it is hard to keep all the time the signal launching into the PBS at 45 • , even if a PC is installed in front of PBS. But this problem can be solved by polarization-tracking schemes as is proposed in [9, 10] .
Conclusions
We have proposed and demonstrated, via simulation, a low-cost alternative direct-detection scheme for detecting a 100 Gbps PM-DQPSK signal. We have compared it with the conventional PM-DQPSK receiver with respect to the sensitivity and the major optical fiber impairments. The simulation results show a very good performance for the proposed receiver. In a back-to-back operation without FEC technology, the sensitivity is −23.7 ± 0.2 dBm for a BER of 10 −12 and −27.4 ± 0.2 dBm for a BER of 10 −3 . Receiver performance under narrow optical filtering shows that 10 50-GHz filters can be cascaded with 1-dB OSNR penalty, while in Chandrasekhar et al. [12] only 2 filters are allowed to be cascaded. That is because in our scheme the polarization demultiplexing is solved in optical domain and four demodulated signals are detected by four independent balanced photodetectors. This reduces the ISI caused by the loss of spectral bandwidth, and therefore, the eye diagram is improved. We have quantified the performance under various impairments such as PMD and CD. The DGD tolerance is ∼15ps with 1-dB OSNR penalty, and the CD tolerance is ∼70ps/nm with 2-dB OSNR penalty. We have also shown that the proposed PM-DQPSK receiver shows a slightly better CD tolerance compared with DIs receiver, especially for a negative dispersion. Finally, we have discussed the impact of nonideal behavior of the polarization components on the performance of the receiver, and we have concluded that actually it will not be a problem in the proposed receiver.
In comparison with the DIs receiver, the proposed receiver has the following advantages: a) fewer components are used, which not only make it easy to implement but also reduce the total cost; b) since only one delay line is used, the proposed receiver can be easily improved to a bit-rate tunable receiver using a tunable delay line, such as commercial motorized variable optical delay line, to take place of the fixed delay line.
The performance advantages, taken together with the lower complexity receiver structure, may offer a promising alternative for cost-sensitive applications such as 100G Ethernet transport.
